Introduction
============

The health benefit of antioxidant is believed to be based on its scavenging capability against free radical species.^([@B1]--[@B3])^ In recent years, antioxidant-capacity evaluation for pure antioxidant compounds or plant/food extracts using oxygen radical absorbance capacity (ORAC) methods has attracted considerable attention.^([@B4]--[@B6])^ ORAC values for nearly 300 selected foods are listed in the home page of the US Department of Agriculture (http://www.ars.usda.gov/). These values were obtained using the fluorescence-based ORAC method (hereafter abbreviated as ORAC-FL) that was originated from Glazer's laboratory.^([@B7])^ Its principle was to measure the antioxidant-mediated protection of the fluorescent protein β-phycoerythrin from free radical damage. Later, confirming studies named this method as ORAC^([@B2],[@B8],[@B9])^; however, 'oxygen radical' that was mentioned in ORAC has never been identified. More recently, the low molecular weight fluorescent-probe fluorescein was adopted instead of the protein probe.^([@B10]--[@B12])^

In ORAC-FL, free radicals are produced with the thermal decomposition of a water-soluble azo-radical initiator, 2,2-azobis(2-amidinopropane) dihydrochloride (AAPH). Antioxidants added to this system protect the fluorescence probe from AAPH-derived free radicals, and the extent of protection is quantified. The time course of the fluorescence-loss during free radical production is recorded and converted into ORAC values with the computer-aided analysis. We proposed a new method of ORAC evaluation, ORAC-EPR based on the direct quantification of free radical level with the electron paramagnetic resonance (EPR or ESR) spin trapping technique.^([@B13],[@B14])^ In contrast to ORAC-FL where free radicals are thermally produced, ORAC-EPR employs a short UV-photolysis of AAPH to generate a constant amount of free radicals. In the presence of antioxidant, the free radical level is decreased, from which ORAC-EPR values are calculated using a simple formula.

Both ORAC-FL and ORAC-EPR are water-based methods; however, a majority of antioxidants are classified as lipophilic compounds such as flavonoids. The poor solubilization or dispersion of antioxidants could lead to poor assay validity.^([@B15],[@B16])^ In ORAC-FL, Huang *et al.*^([@B17])^ proposed the use of modified β-cyclodextrin to solubilize lipophilic compounds. β-Cyclodextrin (β-CD) is a cyclic hexamer of glucose units having a molecular cavity (see structure in Fig. [1](#F1){ref-type="fig"}), wherein a lipophilic molecule is encapsulated or included to form water-soluble inclusion complex. Such peculiar properties of β-CD have been found to be useful in industrial and domestic applications, such as drug-solubilizers and deodorizers.^([@B18]--[@B20])^

Hydroxypropyl-β-cyclodextrin (HP-β-CD) has been customarily used in the ORAC-FL measurements. However, it has been suggested that HP-β-CD is not a suitable solubilizer because the reactive site of the antioxidant may be included and protected from free radical attack.^([@B21])^ Recently, Folch-Cano *et al.*^([@B22])^ made it clear the effects of cyclodextrin-inclusion on the ORAC assays based on the stoichiometry of inclusion of some catechin. In this study, 2,6-di-*O*-methylated β-CD (DM-β-CD, Fig. [1](#F1){ref-type="fig"}) was employed as a solubilizer. The inclusion modes of flavonoids in the DM-β-CD are well studied.^([@B22]--[@B24])^ We conducted ORAC-EPR measurement for seven pure lipophilic antioxidants (five flavonoids, resveratrol and astaxanthin) in the aqueous solution containing DM-β-CD as a solubilizer and compared with the ORAC-FL values.

Experimental
============

Materials and reagents
----------------------

Chemical formulas of a majority of compounds used in this study are shown in Fig. [1](#F1){ref-type="fig"}. Antioxidants studied are catechin (CA), epicatechin (EC), epigallocatechin gallate (EGCg), kaempferol (KAP), myricetin (MYR), resveratrol (RESV), and astaxanthin (ASX) and those were purchased from Tokyo Kasei Co. (Tokyo, Japan) and Nakalai Tesque (Kyoto, Japan). For the sake of comparison, we used trolox (6-hydroxy-2,5,7,8-tetra-methylchroman-2-carboxylic acid), a water-soluble analog of vitamin E, as a standard material. A newly developed spin-trap, 5-(2,2-dimethyl-1,3-propoxy cyclophosphoranyl)-5-methyl-1-pyrroline *N*-oxide (CYPMPO) were obtained from Radical Research Inc. (Hino, Japan).^([@B25])^ Free radical precursor 2,2\'-azobis(2-amidinopropane) dihydrochloride (AAPH) was purchased from Wako Pure Chem. Ind. (Osaka, Japan). Heptakis(2,6-di-*O*-methyl)-β-cyclodextrin (DM-β-CD) was purchased from Tokyo Kasei Chem. (Tokyo, Japan). Water was purified by distillation and passing through a Mili-Q system (Milipore Corp. Billerica MA) and used as a solvent.

Sample preparation and EPR measurements
---------------------------------------

EPR spin trapping is a widely used technique in free radical biology.^([@B26])^ This technique is based on the following reaction:
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Chemical compound called spin trap (CYPMPO is shown as an example in the above scheme) reacts with free radical R to form stable compound called spin adduct, that is also free radical. The spin adduct is relatively stable and can be readily identified and quantified with EPR spectrometer. In this study, free radicals were generated from AAPH with UV irradiation (5 s irradiation, 200 W mercury arc RUF-203s, Radical Research Inc.) to the sample solution that was set in the EPR resonant cavity. The sample solution contained AAPH and CYPMPO in sodium phosphate buffer (0.1 M, pH = 7.4). As a result, EPR spectra shown in Fig. [2](#F2){ref-type="fig"} were obtained. The analysis of the EPR spectral pattern provides the identification of the free radical, and EPR-signal height is proportional to the free radical concentration. The spin trap and the antioxidant compete to react with AAPH radicals, from which the ORAC value of the antioxidant is calculated.^([@B13])^ EPR signal intensity of the spin adduct in the presence and absence of antioxidant was measured to calculate ORAC-EPR values. The calculation method is described in the following section.

Except RESV and ASX, the antioxidant compounds were first dissolved in sodium hydroxide solutions (pH = 11) and diluted with phosphate buffer (pH = 7.4) solution of DM-β-CD. The antioxidants were precipitated if diluted without the solubilizer. Typical concentrations of the reagents were: \[CYPMPO\] = 5 mM, \[AAPH\] = 5 mM, \[DM-β-CD\] = 1 mM, and \[AOx\] = 20 µM at pH = 7.4, where AOx is the abbreviation for antioxidant. Because RESV and ASX were insoluble even in basic aqueous solution, acetonitrile was used as a solvent for stock solution. Acetonitrile has been shown to have negligible antioxidant capacity.^([@B13])^ The acetonitrile solution was diluted with phosphate buffer containing DM-β-CD; and in final solutions, the acetonitrile content was less than 5%. Blank control solution contained CYPMPO (5 mM), AAPH (5 mM) and DM-β-CD (1 mM).

The sample was loaded in an EPR flat cell and set inside the EPR resonant cavity, and EPR signals were recorded immediately after *in situ* UV irradiation. Half life of the AAPH radical adduct was longer than 1 h. The same measurement was repeated for five times and the result was presented as average ± SD. The sample temperature was maintained at 298 ± 0.1 K and EPR signals were recorded in a JEOL FE3XG X-band spectrometer (Akishima, Japan). The spectrometer settings for EPR measurements were as follows: microwave power, 6 mW; field modulation amplitude, 0.1 mT at 100 kHz; time constant, 0.1 s; field scan rate, 5 mT min^−1^.

Calculation of ORAC-EPR values
------------------------------

The competitive spin-trapping method was applied to evaluate ORAC-EPR values.^([@B13])^ The competitive reaction was taken place between the spin trap and the solubilized antioxidant against free radical R^•^ as follows:

where ST and ST-R denote the spin trap and the radical adduct, respectively. The third reaction expresses the scavenging reaction by AOx against R^•^ radical.

A simple formulation for the ORAC-EPR calculation can be derived from the above reactions and has been reported elsewhere^([@B13])^:

where I and I~0~ are EPR signal heights of the spin adduct ST-R in the presence and absence of AOx, and \[ \]~0~ denotes initial concentration of the component. EPR signal height is proportional to the concentration of the EPR active species. We assume that AOx is completely solubilized so that \[AOx\] is equal to \[AOx (solubilized)\]. A linear plot of (I~0~--I)/I against \[AOx\]~0~/\[ST\]~0~ provides the slope *k*~AOx~/*k*~ST~ which is equal to the ORAC value for AOx relative to that of ST. The hydrophilic antioxidant trolox has been conventionally adopted as a standard.^([@B10]--[@B12])^ Thus, the ORAC value of trolox with respect to CYPMPO (*k*~trolox~/*k*~CYPMPO~) was used to express ORAC value in trolox equivalent unit.

Results
=======

EPR spin trapping of AAPH radicals
----------------------------------

In ORAC-FL, peroxyl radical (ROO^•^ radical) is assumed to be produced from AAPH^([@B6],[@B10])^; however, recent spin-trapping studies revealed that alkoxyl radical (RO^•^) but not peroxyl radical is produced after thermal or photolytic decomposition of AAPH.^([@B27]--[@B29])^ The production of RO^•^ radical was confirmed in this study, too. Fig. [2](#F2){ref-type="fig"}a shows the EPR spectra obtained from the UV-irradiated solution of AAPH in the presence of the spin trap CYPMPO and the solubilizer DM-β-CD. A single spin adduct species is visible in each spectrum and its hyperfine splitting constant (hfsc) was obtained with computer spectrum simulation: *A*~P~ = 4.77 mT, *A*~N~ = 1.36 mT, and *A*~H~ = 1.23 mT. Because reported hfsc's of the HO^•^ adduct of CYPMPO (CYPMPO-OH) (Isomer 1: *A*~P~ = 4.88 mT, *A*~N~ = 1.37 mT, and *A*~H~ = 1.37 mT; Isomer 2: *A*~P~ = 4.70 mT, *A*~N~ = 1.35 mT, and *A*~H~ = 1.23 mT) are very similar to the present results,^([@B25])^ we assigned AAPH radical adduct to RO^•^ radical adduct.^([@B27]--[@B29])^

As shown in Fig. [2](#F2){ref-type="fig"}b, EPR signal height decreased in the presence of the antioxidant catechin (CA). This is because part of AAPH radical was scavenged by CA. The decrease of the EPR signal height (free radical concentration) is converted into ORAC-EPR value using Eq. 1.

ORAC-EPR of the ORAC-standard reagent trolox
--------------------------------------------

The ORAC standard trolox (structure in Fig. [1](#F1){ref-type="fig"}) is water soluble and we measured the ORAC-EPR value *k*~trolox~/*k*~CYPMPO~ in the absence of the solubilizer as 114 ± 3 (cited in the comment line of Table [1](#T1){ref-type="table"}). Trolox's ORAC-EPR value was slightly modified by the presence of DM-β-CD: i.e., 95.9 with the solubilizer as compared with 114 without the solubilizer (footnote of Table [1](#T1){ref-type="table"}). These values were utilized to express ORAC values relative to trolox (trolox equivalent unit).

ORAC-EPR values of lipophilic antioxidants
------------------------------------------

Fig. [3](#F3){ref-type="fig"} shows a typical plot for Eq. 1 in CA/CYPMPO system in the presence of DM-β-CD, the slope of which demonstrates CA's ORAC value relative to CYPMPO. The plot of the relative radical scavenging rates gives a straight line that passes through the origin, indicating that the reaction scheme and the calculation procedures of relative radical scavenging rate constants (*k*~AOx~/*k*~ST~) using Eq. 1 are justified. Using similar procedures, ORAC-EPR values (*k*~AOx~/*k*~ST~) relative to CYPMPO for seven lipophilic antioxidants were calculated and converted into trolox equivalent unit. Average ORAC-values after five repeated measurements are shown in Table [1](#T1){ref-type="table"} and Fig. [4](#F4){ref-type="fig"} with standard deviation. Previous ORAC-FL data are also listed in Table [1](#T1){ref-type="table"} and Fig. [4](#F4){ref-type="fig"}.^([@B10],[@B30]--[@B35])^

Discussion
==========

ORAC-EPR measures the level of free radical using EPR spin trapping, while ORAC-FL indirectly measures free radical level via degree of free radical damage on the fluorescence probe. Thus, it is clear that ORAC-FL and ORAC-EPR measure the same intrinsic physical constant of the system. All seven antioxidants tested in this study showed ORAC-EPR values ranging from 0.28 to 3.2 trolox equivalent unit (teu). Solubilized myricetin (MYR) showed the largest ORAC value (3.2 ± 0.1 teu), i.e., the highest free radical scavenging activity within antioxidants tested. We speculate that three OH groups in the side phenyl ring (B-ring) in MYR may have stabilized reaction products between free radical and MYR.^([@B36])^ The ORAC-EPR values fell within relatively narrow range because these compounds are all classified as phenol-type antioxidants in which the antioxidant activities depend on OH group(s) in the phenyl ring (Fig. [1](#F1){ref-type="fig"}). The standard deviation of the present ORAC-EPR data was less than 10% in most antioxidants (Table [1](#T1){ref-type="table"}). In contrast, previous ORAC-FL data that have been published by various investigators showed large variations (Fig. [4](#F4){ref-type="fig"}). For example, ORAC-FL data for CA ranged from 2.49 to 14.9 teu, while its ORAC-EPR value was 0.96 ± 0.05 teu. Because CA is slightly water soluble, CA's ORAC-EPR value in the absence of the solubilizer was evaluated to be 0.71 teu,^([@B13])^ indicating that the effect of the solubilizer to the ORAC value is minor in ORAC-EPR.

It is likely that some instrumental reasons in ORAC-FL method may have caused the large variations, i.e., 1) the difficulty in generating constant amount of AAPH free radicals by thermal decomposition (heating), 2) temperature and instrumental instability during the time course measurement (typically 30 min) of fluorescence decay, and 3) the complexity of computer-aided analysis. In ORAC-EPR, these difficulties are mostly removed, where a constant amount of AAPH radical can be readily generated with the short photolysis (typically 5.0 s) of AAPH solution, and the ORAC calculation does not require computer-aided curve-fitting analysis.

In solubilized lipophilic antioxidants, the discrepancies between ORAC-FL and ORAC-EPR data are larger than in the case of water-soluble antioxidants, partly because previous ORAC-FL values show large variations (Fig. [4](#F4){ref-type="fig"}). Although there have been various modified ORAC-FL methods, we selected Prior and Cao's ORAC-FL data^([@B30])^ for the comparison (Table [1](#T1){ref-type="table"}). These authors have been playing a major role in improving and modifying ORAC-FL method. Table [1](#T1){ref-type="table"} shows that the agreement in absolute ORAC values was only fair, but the tendency showed a reasonable agreement, i.e.*,* MYR \> KAP and EGCg \> CA ≈ EC. We speculate that the difference in free radical generation methods may be a dominant cause of the disagreement. In fact, our test by combining the heating method (40°C, 30 min) with ORAC-EPR measurement resulted in 0.7 teu for CA with 40% error.

Various free radical scavenging assays have been developed to obtain ORAC-like values of antioxidants. These include TEAC method, DPPH method, and red blood cell haemolysis method.^([@B33])^ ORAC-like values for the antioxidants obtained using TEAC, DPPH, and haemolysis methods^([@B33])^ are listed in Table [1](#T1){ref-type="table"}. Inspection of Table [1](#T1){ref-type="table"} indicated that most ORAC-FL values are much larger than those obtained by using other methods. It is recognized that ORAC-FL assay is characteristic in the sense that it monitors both the inhibition time and the degree of inhibition, and that may explain the reason that ORAC-FL usually gave larger values than all other methods.

Finally, it should be pointed out that the ORAC-EPR values were slightly dependent on the kind of solubilizer used. We found that such difference can be explained using the NMR structure of antioxidant-cyclodextrin complex and plan to publish these results elsewhere.

Conclusions
===========

Using ORAC-EPR method, we measured ORAC values of seven poorly water-soluble lipophilic antioxidants that are solubilized in water with DM-β-CD. The ORAC-EPR values ranged from 0.28 to 3.2 teu and the experimental errors were less than 10% in most compounds. Because of the large variation in the past ORAC-FL data, it was difficult to make the comparison of the two methods. However, the magnitude and the tendency of ORAC-FL data from Prior's group showed reasonable agreement with the ORAC-EPR data. Judging from the size of the errors, we believe that the present ORAC-EPR values are more credible than the previous ORAC-FL values.
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![Structures of 2,6-di-*O*-methylated β-CD (DM-β-CD), CYPMPO, AAPH, and antioxidants.](jcbn11-21f01){#F1}

![EPR spectra of AAPH radical adduct (assigned to RO^•^ radical adduct) of CYPMPO that was recorded after the UV-photolysis of phosphate buffer solution, containing AAPH (5 mM), CYPMPO (5 mM) and DM-β-CD solubilized CA: (a) \[DM-β-CD\] = 0.94 mM and (b) \[DM-β-CD\] = 0.94 mM plus \[CA\] = 22.0 µM. Horizontal broken lines in the spectra demonstrate the change in EPR signal height of the selected peak by the addition of the antioxidant CA.](jcbn11-21f02){#F2}

![A typical plot of (I~0~--I)/I of catechin (CA) against \[AOx\]~0~/\[ST\]~0~ in the presence of DM-β-CD using Eq. 1 (AOx = CA and ST = CYPMPO). I~0~ is taken from the EPR peak height such as shown in Fig. [2](#F2){ref-type="fig"}a and I from Fig. [2](#F2){ref-type="fig"}b. The slope *k*~AOx~/*k*~ST~ (approximately 92 in this graph) corresponds to the ORAC-EPR value of CA relative to CYPMPO.](jcbn11-21f03){#F3}

![A bar graph for ORAC-EPR values (in trolox equivalent unit) for the seven poorly water-soluble antioxidants that were solubilized with DM-β-CD (solid bars). Published ORAC-FL data are individually illustrated with solid circle on the vertical line.](jcbn11-21f04){#F4}

###### 

ORAC-EPR values of DM-β-CD solubilized antioxidants with relative rate constants (*k*~AOx~/*k*~ST~ (AOx/CYPMPO))

  Antioxidants solubilized with DM-β-CD      *k*~AOx~/*k*~ST~   ORAC-EPR      ORAC-FL (in trolox equivalent unit)                 TEAC     DPPH     Haemolysis
  ------------------------------------------ ------------------ ------------- --------------------------------------------------- -------- -------- ------------
  Catechin (CA): DM-β-CD                     92.1 ± 4.4         0.96 ± 0.05   [2.49]{.ul}^a^, 6.76^b^, 7.9^e^, 12.4^c^, 14.9^d^   1.1^e^   0.8^e^   1.7^e^
  Epicatechin (EC): DM-β-CD                  90.5 ± 8.1         0.94 ± 0.09   [2.36]{.ul}^a^, 5.1^e^, 9.14^c^                     1.3^e^   1.0^e^   1.5^e^
  Epigallocatechin gallate (EGCg): DM-β-CD   124 ± 5            1.3 ± 0.1     1.87^f^, 3.4^e^, 3.51^g^, 4.55^c^                   2.0^e^   3.7^e^   1.0^e^
  Kaempferol (KAP): DM-β-CD                  35.6 ± 1.9         0.37 ± 0.02   2.29^g^, [2.67]{.ul}^a^, 6.2^e^, 7.19^c^            0.5^e^   0.8^e^   0.2^e^
  Myricetin (MYR): DM-β-CD                   304 ± 6            3.2 ± 0.1     3.6^e^, 4.26^g^, [4.32]{.ul}^a^                     1.5^e^   1.8^e^   0.9^e^
  Resveratrol (RESV): DM-β-CD                61.0 ± 1.2         0.64 ± 0.02   4.98^h^                                                               
  Astaxanthin (ASX): DM-β-CD                 26.9 ± 7.0         0.28 ± 0.07   0.05^f^                                                               
  Trolox: DM-β-CD^i^                         95.9 ± 1.8         1                                                                                   

^a^ The ORAC-FL values reported by Prior and Cao were shown by underlines (Ref. 30). ^b^ Ref. 10. ^c^ Ref. 32. ^d^ Ref. 31. ^e^ Ref. 33. ^f^ Ref. 21. ^g^ Ref. 35. ^h^ Ref. 34. ^i^ In Trolox, *k*~AOx~/*k*~ST~ = 114 ± 3 in the absence of CD (this work).
